Abstract-This paper discusses the influence of simplifications in models used in the design of electromagnetic protection against indirect effects of lightning strikes. A real and complex test case such as the power plant of an A400M aircraft, simulated with the FDTD method, is chosen for this. The parameters studied are the inclusion/removal of installations, modification of electrical contacts, material properties, and changes in the cable characteristics. The simulations performed allow us to quantify the impact of different simplification approaches and, in consequence, to draw conclusions on the relative importance of different model features, being the most important ones to maintain the electrical contacts, to include installations and cables carrying high currents, to consider different materials, to respect the accurate cable routes or to take care of isolated equipment.
INTRODUCTION
A commercial aircraft is subject to at least one lightning strike per year [1] . The effects of these strikes can be categorised into two kinds of damaging effects: direct or indirect [1] . Direct effects consist of physical damage to the structure due to direct attachment or to current flow. Indirect effects, on which we focus this study, are generated by voltage and current transients in the electrical wiring. These transients are caused by the electromagnetic (EM) field created by the lightning current which flows along the aircraft surface. This EM field penetrates the fuselage through apertures such as windows or by diffusion through parts made of composite materials. Inside the aircraft, these transients can overcome the immunity limit of the equipment, generating failures and/or damage, compromising aircraft safety. Among the indirect effects, the most significant parameters are rates of current rise and decay, and peak amplitude [2] [3] [4] [5] . The aim of lightning protection is to prevent catastrophic accidents arising from a lightning strike, to ensure a safe flight and landing [1, 2, 6, 7] .
Computational electromagnetic (CEM) tools can help predict the response of a complex structure. A wide variety of algorithms and methods have been developed to address the electrically large problems that are often encountered in the aircraft industry. This advance, together with the exponential growth of computational capabilities, makes it possible to estimate transfer functions between a lightning strike and internal fields or the currents induced on bundles in a complete aircraft. These methods can be applied during the certification process and the life-cycle of an aircraft, thus increasing flight safety. CEM methods also make it possible to carry out parametric studies during the design phase, when changes are simpler and less costly. However, the development of suitable EM models for complex structures is a time-consuming process. As a first step, a geometric simplification is needed, since the full digital mock-up cannot be directly managed by EM simulators. This simplification is a crucial task, which usually implies the elimination of very small parts and details, such as holes, bolts and nuts, and may also call for surfaces to be redefined [8, 9] . The analysis of uncertainties associated with this process is currently the focus of much research attention. Statistical methods dealing with uncertainties in the parameters of cables, materials, circuits, etc., such as those based on Monte Carlo analysis or on stochastic Finite Difference Time Domain (FDTD) modelling [10, 11] , are still either computationally prohibitive or too limited, to be applied to the complexity of a modern aircraft. For this reason, the engineer's experience in managing the information included in the digital mock-up plays a fundamental role in the success of this process.
This paper contributes to our understanding of these questions by quantifying the impact of different simplification approaches, in order to enrich the few literature that can be found on this subject. To do so, we employ a test case based on the power plant of the A400M aircraft [12] to assess which parameters are most influential in an EM simulation, by conducting a heuristic approach based on an affordable set of simulations chosen as representative according to our engineering experience. In particular, we study the inclusion of installations (that is, physical structures needed to install the systems in the aircraft for their correct support and operation), the maintenance of electrical contacts, the assignation of materials, and the selection of appropriate cables with their significant properties. We then estimate the sensitivity of these simulation results to variations in the EM model. Theoretical guidelines are provided, and, in addition, a quantitative notion of the error magnitude which is made with these approximations. The factors which should be taken into account in a 3D EM model for lightning indirect effects are analyzed using this real and complex test case, so as to quantify their influence in the simulation results. Other factors are revealed as not important for this kind of simulations.
The rest of the paper is organized as follows. In Section 2, the model of the power plant is described, and the features of the simulations performed are explained. Section 3 presents the results obtained and discusses the modifications taken into account. Finally, in Section 4, we draw the main conclusions of our analysis.
SIMULATION DETAILS

Model Details
The EM model of the A400M power plant represented in Fig. 1 was selected for our parametric study for two main reasons: it is a very complex and complete model, which allows us to perform most of the modifications needed for this study, and its size is affordable, and so a large number of simulations Figure 1 . A400M power plant EM model (carbon fibre nacelle shown in white with a degree of transparency; the metallic nacelle is in yellow, the mounting is in green, the engine is in red, the equipment is in brown, the systems are in cyan and the harnesses are in dark blue).
can be performed. The power plant has three main structural components: the engine, the mounting and the nacelle. The lightning channel, represented by a nodal electric current density source [13] , was chosen to impact the power plant at the nose and to exit it via the mounting to the wing, which is one of the most common situations. In this configuration, the mounting is the principal massive metallic structure along which the current flows. The nacelle includes the fairings, which are mainly made of carbon fibre composite (CFC). For the reference model used in our comparisons, all the equipment and installations are included. The total length of the power plant is around 6 m.
Four overbraided harnesses were included in the model to analyse the currents induced on them. They have been especially selected between the real harnesses of the power plant to cover the different zones of the model. Their description is as follows:.
• The Controller Area Network bus (CANBUS) harness has 17 branches, with sizes from 300 to 1500 mm, that interconnect 10 items of equipment around the engine.
• The Electronic Control Unit (ECU) and the Air Cooled Oil Cooler (ACOC) Actuator are connected through the ECU-ACOC harness. This is a simple cable with no branches, about 4 m long.
• The H502 harness connects two fire detection sensors located in the nacelle and extends 6 m across the lower fairing, with no branches.
• PBCU-FW is a harness with 7 branches, measuring no more than 600 mm, located between the mounting and the upper fairing. It connects the Propeller Brake Control Unit (PBCU) with the firewall (FW) to the wing.
Simulation Description
We analyse the induced current response to a severe first return stroke of a lightning bolt. This waveform (WF A) consists of a double exponential with 200 kA peak current and around 6.4 µs rise time [14] . In August 2008, IEEE issued and standard defining the Feature Selective Validation (FSV) technique for the comparison of different traces in CEM [15] [16] [17] . However, in this work, we have focused the study in analysing the main parameters which must be considered in order to provide an aircraft with lightning strike protection in compliance with international certification requirements. Both time and frequency domains are analysed, since they contain different information: peak amplitude and time to peak (time interval from the start of the simulation until the peak is reached) are, in general, straightforward to analyse in the time domain, while main resonances are more easily analysed in the frequency domain. In the time domain, a Gaussian derivative, shorter than WF A but covering the same spectral range, was used as an excitation waveform, and the results obtained were transformed into WF A response. For the reference configuration, the simulation using directly the WF A has been performed, leading to exactly the same peak currents and times to peak, which are the values analysed in the present study. In the frequency domain, a Gaussian waveform was used to excite the structure so as to reach frequencies up to 50 MHz, which were taken as the upper limit of a lightning strike excitation. In this study, two kinds of observables were considered: • 26 probes for the currents induced at each cable branch: 17 from the CANBUS harness, 1 from ECU-ACOC, 1 from H502 and 7 from the PBCU-FW harness. These probes measure the current at particular thin wire nodes [18] . As typical in EMC testing, current probes were placed at a distance of 50 mm from the harness end for ending branches [19] , and in the middle of the branch for the intermediate branches.
• Bulk current probes at the 6 main installations, to determine the current that flows across their surfaces. They compute the currents within an integral contour utilizing Ampere's law [20] .
The actual transient level (ATL), which reflects the current and voltage waveforms and levels that are induced on the aircraft at the port of the cable networks, is determined from simulations [3-5, 14, 19] , and leaves little margin for errors or tolerances. In our study, differences of over 1 dB (12.2% error) were considered significant.
A Cartesian FDTD mesh with a constant space-step of 10 mm, small enough to solve the frequencies of interest and to represent the details of the A400M PWP, while big enough to lead to affordable simulations, was employed for the simulations. Mur's [21] absorbing boundary conditions, computationally lighter than those based on the perfectly matching layer condition [22] , were employed to truncate the domain, yielding a problem size of around 100 Mcells. A time-step of 15 ps was employed to meet the Courant-Friedrichs-Lewy (CFL) stability condition [22] . A total time of 10 µs was simulated, which was sufficient to obtain reasonable convergence of the currents. A computation time of approximately 46 hours, using 2 Intel Xeon eight-core 2.9 GHz nodes with 128 GB of memory (400 Mcells/s), was required for each configuration.
Simulation Tools
Several EM simulation tools can be used in the design of protection against lightning strikes. Of these, we selected the one based on the FDTD technique [22] as the most suitable method for this kind of problem, as it obtains the solution in the whole frequency range with a single execution. In this study, the 3D CAD CATIA V5 R21 [23] , FDTD mesher CADfix V8.1 SP2.0 64 bit [24] , and FDTD solver UGRFDTD R2660 [25] were used to generate the simplified CAD, to mesh it and to simulate it, respectively.
CADfix allows the user to mesh the region where EM propagation is to be calculated. It serves as a graphical user interface which can import data from computer-aided design (CAD) models. All relevant EM properties (permittivity, permeability, impedance, etc.) can be defined, together with the boundary conditions, mesh density, probe locations, etc. CADfix generates a text file containing all the information needed to specify the problem, and this can provide the input to UGRFDTD. This solver is a state-of-the-art parallel 3D full-wave EM simulation tool which uses the FDTD method [22, 26] , combined with a multiconductor transmission line (MTLN) solver [27] to adress the cabling. It has been developed by UGR in collaboration with Airbus Defence and Space within several research and technology projects [28, 29] . It is especially suited to deal with HIRF/Lightning/NEMP electricallylarge EMC problems [30] [31] [32] [33] , and can account for complex structures, materials, cables, composite thin-panels, etc. A variety of output data can be obtained including the electric current and voltage transient profiles stressing electric/electronic equipment considered in this study.
ANALYSIS OF RESULTS
Four different kinds of tests were analysed. The main results from the most conclusive cases are presented and explained in this section. In the following tables, Δ (dB), Δ or Δ peak (dB) stand for the amplitude differences in dB between the peak current in the modified model with respect to the reference model, and Δt (µs) or Δt stand for the differences in µs between the time to peak in the modified model with respect to the reference model.
Removal of Components
Since the geometric simplification is extremely time consuming (it can require years for a complete aircraft), when a complex geometry is to be simplified, it is important to know which components (equipment, systems, installations, etc.) are relevant for the model. To assess the effects of their removal, we carried out simulations and studied the peak currents induced. The differences observed with respect to the reference model are shown in Table 1 .
Removal of Oil System (OILS)
The OILS is located far from the majority of cable branches but in electrical contact with ACOC, which is one termination of the ECU-ACOC harness (Fig. 2) . The currents in two branches, ECU-ACOC and CANBUS-15, change significantly after this removal. The change in the ECU-ACOC harness could have been estimated a priori as the ACOC system is in electrical contact with the OILS. Less obvious is the variation in the current induced along the CANBUS-15. This is explained by two facts. Firstly, this branch ends at ECU and runs parallel to the ECU-ACOC cable, and so there is a large mutual inductance. Secondly, as shown below, significant variations are almost always observed in the currents at CANBUS-15, whatever the modification made to the model, because its current is very low, and so any variation is very noticeable. Moreover, many modifications in the model can produce a change in the waveform within this cable, significantly affecting its peak current. However, this is not always n/a n/a 10.6 true for cables carrying small currents; thus, the PBCU-FW-1 current is also very low, but, since it is located further away, it is less affected by modifications. In view of these results, we conclude that not including an equipment item or system in the model could be an unwise decision, negatively affecting the assessment made of equipment in electrical contact with the equipment/system excluded.
Removal of the Inlet Particle Separator Actuator (IPSA)
The conclusions reached in the above section hold even for the removal of a small item of equipment (IPSA in Fig. 2 ), when its electrical connection with the cable termination under analysis is not so evident. There is no cable connecting the IPSA, but it is in contact with the OILS by means of the lower fairing, and, as observed above, the OILS, in turn, is in electrical contact with ACOC. In this case, considerable differences are also evident at CANBUS-15 and ECU-ACOC, as shown in the third column of Table 1 .
Therefore, we conclude that not only must the equipment/systems in direct electrical contact with the equipment under study be included in the model, but also any equipment/system joined to it, even if this is by means of several interconnected pieces.
Removal of All Systems
In this stage of the analysis, we remove not only the OILS and IPSA but also all the systems from the model (dark blue components in Fig. 2 ). For the cables terminating at a system, we created a fictitious connection to minimise the degradation of the cable terminations. As expected, this modification affected more cables (see column four in Table 1 ), especially those with a modified connection (CANBUS-13), those that must conform to the nodal rule (CANBUS-12), and those which run close to systems bearing high currents. To justify this last assertion, we analysed the currents which run along the main systems, and added another cable to the study, HF02, which has an extension parallel to the Nacelle Bleed Air System, which bears a current flow of thousands of amperes (measured with a bulk current probe); it was observed that removing the systems severely affected this new cable. Frequency domain analysis revealed an important change in the level of resonance at 30 MHz in the H502 cable (Fig. 3) . This is not the only example as almost all cables present higher amplitudes in their initial resonances. In addition, in every cable can be seen a resonance shift towards lower frequencies (an example is shown in Fig. 4 ). These phenomena would modify the amplitudes and frequencies at which WF 3 should be applied during the equipment qualification tests (although the present regulation only requires qualification with a damped sinusoid of 1 and 10 MHz by default, it is recommended that the equipment should be qualified at any other frequency at which there is a known resonance) [14, 19] .
In the light of these results, the model must also include any equipment/system located close to the wiring being analysed, and especially those bearing high currents.
Change of Electrical Contacts
The following two examples highlight the importance of correctly modelling the electrical contact between different components. 
With the Electronic Vibration Isolation System (EVIS) Structural Contact
Unless we have a full mock-up including material data and comprising materials from every component, the most straightforward approach is probably to assume that two elements which are in mechanical contact are also in electrical contact. However, that is not the case when non-conductor materials are involved. Accordingly, we chose the four EVIS, which connect the engine to the mounting at the front part of the model, but which are insulating (Fig. 2) . The electrical connection is guaranteed by four bonding jumpers because the current must pass from the engine to the mounting. Nevertheless, even though there is an electrical connection, the induction diminishes if this connection is made by structural means rather than by bonding braids. As can be seen in the second column of Table 2 , this is more significant for the cables that connect equipment to the engine, because of the smaller amount of current flowing through the engine. The third column in Table 2 also shows that most of the cables affected are subject to a delay in the peak time. In every cable, there is a resonance shift towards higher frequencies, as explained above, and this could lead to problems in performing the qualification with WF 3. There is a huge reduction in the current induced in the model with EVIS, and therefore we conclude that adding a structural contact where one does not exist, even though there is another form of electrical contact, could lead to insufficient qualification/protection, jeopardising the safety of the aircraft.
Without Propeller Control Unit (PCU) Connection
Mock-ups are usually divided into discrete zones so that it is not necessary to open up the complete model in order to see one particular item, thus reducing memory requirements. The PCU is an equipment element which is joined to the engine by a set of cylinders (Fig. 2) represented in different zones of the mock-up. The fourth column of Table 2 shows how the currents induced would change if one of these cylinders were not included. This might happen if the zone in which it is located were not present on the screen. Not only CANBUS-11, which is the branch connected to PCU and thus in open circuit in the modified configuration, but virtually the entire harness would be affected, in order to meet the nodal rule. The error might be readily apparent if the CANBUS-11 branch is analysed; on the other hand, the PCU might be beyond of the scope of observation; nevertheless, its error would be propagated to the branches of the equipment being studied. Frequency domain results show that, even when there is no direct current flowing along CANBUS-11 (remember the −∞ obtained in the time domain), the resonance at 25 MHz strengthens (Fig. 5) . In consequence, when a cable termination is disconnected, the high frequency must be considered. Simulating this equipment as being isolated would lead us to qualify the equipment with a WF 3 of high amplitude at 25 MHz, when in reality there is no reason to do so. Therefore, we conclude that the electrical contacts between the equipment and the whole model are of prime importance, so much so that if these questions were ignored, systems could be incorrectly qualified.
Inclusion of Non-PEC Materials
The configurations presented below were devised to enable us to analyse the consideration of materials other than perfect electric conductors (PEC).
PEC
Most of the nacelle is made of carbon fibre, and it can be modelled using thin layer sub-cell models, as described in [34] . In the present study mean values of conductivity and thickness for the thin-layer material were assigned and no anisotropy was taken into account (conductivity of 2.2 · 10 4 S/m and 2 mm of thickness for CFC and conductivity of 3.3 · 10 4 S/m and 2 mm of thickness for CFC with bronze mesh). The second and third columns of Table 3 show what happens if it is modelled simply as a PEC. In general, current induction is expected to be lower, due to the better shielding effectiveness of PEC materials, which provide greater protection against lightning strikes and prevent the field leakage within the structure. On the other hand, the slight delays in the peak time that are observed in the carbon fibre nacelle, due to its electrical resistance, especially in the branches running near the fairings, that is, CANBUS-17, H502 and PBCU-FW harnesses, disappear when everything is PEC. Frequency domain results show that the induction only decreases at low frequencies, since at high frequencies the carbon fibre is close to being a PEC (Fig. 6 ).
Lossy Hinges
The hinges are sometimes made of fibre, in order to save weight. In this section, we study the effect of lossy hinges on protection against lightning. To do so, properties of isotropic material with a conductivity of 10 3 S/m were assigned to the door hinges. This modification was first carried out in the reference model, that is, with the carbon fibre nacelle. Subsequently, the same modification was performed in the completely metallic model analysed in the previous section. In both cases, lossy hinges moderately degrade the protection provided by the fairing, mainly affecting the cables running near it, especially those with paths below carbon fibre components that are joined by hinges (see columns four to seven in Table 3 ). For the metallic nacelle, slight delays in the peak time were also observed. These findings suggest that simulations must be repeated when a decision regarding the material composition is to be made.
Cable Properties and Modifications
In this section, we examine a fourth group of modifications, to determine the influence of the cables selected for analysis, and the cable route, impedance or radius, when generating an EM model.
Cable Addition
If another cable is added to the model, this will modify the currents induced at cables with parallel routes. Fig. 7 shows in light green a route added to the reference model, with an extension of around 0.5 m, and running parallel to the ECU-ACOC route (depicted in dark green) at a distance of 1 cm. The second column in Table 4 represents the variation in the current induced at each observable point following the introduction of this new cable which has a flow of around 3000 A. As was to be expected, only the result at the ECU-ACOC harness was affected. However, this variation means that we cannot analyse the cables as if they were isolated problems because the other cables in the model could affect the current induction. This is particularly important when there are shared routes and strong currents flowing along some cables. In this situation, a full-wave MTLN approach is used [28] to determine the currents flowing through the cable overbraids.
Cable Displacement
CANBUS-17 is a point to point cable which runs from the firewall to the EPMU; it is separated by the firewall from the remaining CANBUS branches. Fig. 7 shows this short cable, in cyan, displaced about 10 cm from its original route, in dark blue thin line. The third column in Table 4 shows the variation in the currents induced due to this modification. Obviously, only the CANBUS-17 harness is affected. The variation observed is significant because the loop area has been modified, meaning that the exact route of the cables must be respected in the EM model. 
Supression of Ramifications
Since aircraft wiring is very complicated, both in cable number and route complexity, it is necessary to include a minimal yet significant set of cables in the EM model for the simulation of a lightning strike against the aircraft. In general, the most severely affected types of equipment are those with cables extending over long routes, because with a short cable, no matter how much current flows along it, there is relatively little voltage drop between its terminations. However, this does not mean that we can choose the longest harness path and reject all the ramifications, because a high degree of error would be associated with this approximation if some of the neglected branches carried strong currents, for example, when passing through a more exposed zone or if they carried a large amount of direct current. We calculated the current and voltage drop induced from the PBCU to the firewall connectors, through the CANBUS and PBCU-FW harnesses, with and without the remaining branches (Fig. 7 in dark blue and red). It can be observed that the current varies substantially (fourth column of Table 4 ). The voltage drop was calculated according to Ohm's law for both configurations, and in this respect, too, there is considerable variation (Table 5 ). In the light of these results, we conclude that ramifications must be included in the indirect effects of lightning simulations, even if they are not the inmediate object of the study, especially when these ramifications carry strong currents.
Connector Resistance and Resistance Per Unit Length Influence
Typically, the first lightning simulations are performed during the design process, and, therefore, with generic values for overbraid resistances, since their real value is unknown in early stages. It makes sense, therefore, to consider whether simulations should be repeated with real overbraid resistances once they are known. To address this question, we doubled the connector resistance (from 5 to 10 mΩ) and the overbraid resistance per unit length (from 5 to 10 mΩ/m), which would be a reasonable variation between generic and real values. As shown in the fifth column of Table 4 , the induced peak currents undergo slight variations. As expected, the most severely affected cables are CANBUS-17, because it is very short and has a connector resistance at both terminations, and the PBCU-FW harness, because its branches are very short and most of them end in a connector resistance. This study reveals that it is not necessary to repeat the simulations introducing the real resistance values provided that these are of the same order as the generic resistances used in the initial simulations.
Equipment Isolation or High Resistance Internal Circuit
By contrast, if the items of equipment are isolated or the internal circuits at each pin have high resistances, the currents induced are completely different (see the sixth and seventh columns in Table 4 for a change from 5 mΩ to 100 Ω). In this case, the high resistances must be considered in the simulation. Now, the peak appears more rapidly and is narrowed (that is, it presents a much lower action integral). Consequently, the DC contribution is lower but current levels are similar at higher frequencies (Fig. 8) .
In these circumstances, as explained above, the possible presence of strong currents at high frequencies should be taken into account in the qualification process. 
Pig-Tail Termination
The connectors used for grounding the shields are usually 360-degrees connector backshells, which are preferred due to their low inductance. Nevertheless, in some cases, pig-tails are used to ground the shields, an therefore we analysed the effect of those pig-tails on the currents and voltages induced. A pig-tail inductance of 100 nH was selected, corresponding approximately to a pig-tail 10 cm long and with a diameter of 1.5 mm. Column eight in Table 4 shows the results obtained. The current variations were not so large as to modify the surrounding currents, and lower inductions were generally found. However, it is crucial to take into account the effect in the voltage induced, because the voltage drop across an inductor is proportional to the time derivative of the current, and then, this term can have a very high value.
Cable Radii
The MTLN approach of [27] is an extension of the classical Holland treatment of thin wires [18] which takes into account the coupling between parallel wires as well as that with the rest of the structure. In the Holland model, the radius of the cable impacts on the maximum time step for stability [35] and this must often be reduced in simulations in order to achieve a stable solution. In this section, we analyse the viability of this measure. To do so, we reduced the cable radius by 40% and 80% (from 5 · 10 −4 m down to 3 · 10 −4 m and 1 · 10 −4 m, respectively). The results of these modifications are shown in Table 4 , columns nine and ten. The variation in the induced current is low for the 40% reduction and substantial for 80%. However, in this latter case, the deviation was not especially alarming, in view of the dramatic reduction made in the radius. Severe reductions could be considered valid keeping a greater safety margin in the ATL. Thus, the error associated with this limitation is low and, consequently, the approximation is acceptable when the decrease is moderate, and can also be considered acceptable when larger margins are incorporated for extreme decreases in cable radius.
The results obtained can be theoretically justified taking into account the per unit length (PUL) autoinductance of a single thin wire over an indefinite ground plane in free space (Fig. 9) . The distance between the wiring and the ground plane in a complex model such as a power plant is not a clean dimension, but, in this case, it takes approximately an average value of 100 times the wire radius. Making use of the equation shown in Fig. 9 for this separation value, we find that a 40% reduction in cable radius produces a current difference of −0.8 dB, while an 80% reduction produces a current difference of −2.3 dB, which is in agreement with the mean differences shown in columns nine and ten of Table 4 . Figure 9 . PUL parameters of a single thin wire over an indefinite ground plane in free space.
CONCLUSIONS
This study considers various simplifications carried out in EM modelling and quantifies their influences on the resultant ATLs. From the results obtained, we conclude that:
• It is of fundamental importance to maintain the electrical contacts in the simplified EM model in the same form as in the original.
• The model must include at least the installations/systems/equipment that are directly or indirectly connected to the wiring under analysis, and, in addition, to surrounding installations/systems/equipment when they carry strong currents.
• As the results may vary according to the materials used, different simulations must be carried out when the material composition of the structure is varied.
• Concerning the cables, there are several important considerations. First, their position must be maintained accurately. Second, surrounding cables carrying strong currents must be included, and also harness ramifications, even if they are not directly the object of the study, especially those carrying strong currents. Third, exact harness impedance values are not very important, unless they are widely different from the generic values. By contrast, the isolation of the equipment and/or connector pins must, obviously, be considered; moreover, when a cable termination is disconnected, the possible existence of strong currents at high frequencies must be taken into consideration. Finally, the use of radius values moderately lower than the real ones produces very little degradation, and can be acceptable with greater reductions if safety margins are increased.
The present paper focuses on the indirect effects detected in lightning strike simulations. The above conclusions are valid for a frequency spectrum up to around 50 MHz. Of course, a similar study could also be made for high intensity radiated fields (HIRF), i.e., those with a plane wave or antenna source covering the range from 10 kHz to 18 GHz, and the appropriate observables, in order to determine electromagnetic behaviour variations with EM model modifications with respect to this threat. For conductive effects, which are the most important ones up to 400 MHz, the cases analysed in this paper would be useful, whereas for radiated ones, the most important of which start at 100 MHz, in addition to the cases analysed in this paper. Other tests should probably be designed in order to draw the corresponding conclusions. The analysis method employed should be appropriate for this phenomenon, completely in the frequency domain and in accordance with HIRF regulation.
